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ackground: Staphylococcus aureus is highly associated with nosocomial infections due to its ability to 
adapt to wide range of environmental parameters. The aim of this study was to evaluate amino acids 
consumption and secretion by S. aureus at mid-exponential and stationary phases under growth in sub-
optimal conditions, including changes in pH, temperature and osmolality. 
Methods: The consumption and secretion of amino acids were determined by subtracting the original 
concentrations of the free amino acids in the media from those estimated at both mid-exponential and stationary 
phases of growth.  
Results: The analysis revealed that the consumption and secretion profiles were substantially different between 
cells grown under optimal control conditions, when compared with those exposed to sub-optimal conditions. The 
analyses of the supernatants harvested at mid-exponential phase revealed that the total consumption of amino 
acids was increased by 1.2 and 1.7 times by cells grown at either pH 6 or 8 and 35°C with additional of 5 % 
NaCl, respectively. However, the final levels of amino acids consumed at stationary phase were significantly 
reduced in the cells grown in sub-optimal conditions compared with bacteria cells grown under optimal 
conditions.  
Conclusion: It was evident that various environmental conditions led to differential profiles of amino acid 
consumption and secretion. 
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Introduction 
S. aureus is a vital bacterium skillful of producing an 
extensive variety of infections from minor skin to life-
threatening sepsis and endocarditis [1]. S. aureus is 
capable to adjust their cytoplasmic composition following 
exposure to changes in the environmental factors such 
as variation in temperatures, pH and osmolality [2,3]. 
One of the main areas in microbiology is the investigation 
of bacterial acclimatization to changes in the 
environmental conditions, as the understanding of 
bacterial adaptation and survival mechanisms would 
pave ways to minimize infections [4,5]. Adaptation of 
bacteria depends on their capability to produce the 
optimum metabolic homeostasis vital for survival in 
response to undesirable environments [6-8]. Alterations 
to environmental influences can induce substantial 
adjustments in external morphology and lead to the 
development of biofilms [9-13]. 
Phenotypic shift such as small colony variants 
(SCVs) of S. aureus can be formed during the exposure 
to variations in temperatures, pH, salinity, and exposures 
to antibiotics, etc. [14-16].  SCVs are sub-population of 
bacteria that are categorized with reduced metabolism 
and enhanced resistance to antibiotics [16,17]. The 
growth of S. aureus in the presence of higher NaCl led to 
increased production of slime, associated with increase 
in the expression of biofilm genes such as the icaA gene 
[18]. Additional, biofilm can be developed following 
growth in other non-ideal growth conditions such as 
alkaline environments [19,20]. Both, SCV phenotypes 
and biofilm profound resistance and stable adhesion; 
which eventually assist bacteria to survive under 
alterations in the environments [21-24]. 
A prior study has revealed that specific amino acids 
were consumed by the biofilm cultures of S. aureus in 
comparison to planktonic cultures [25]. Hence, it was 
suggested that amino acid consumption is a vital for 
staphylococcal biofilm formation and adaptation to 
alterations in pH [12,26]. The absence of proline in the 
growth cultures reduced staphylococcal proliferation and 
survival [27]. similarly, combinations of subtle 
environmental conditions led to extensive alterations in 
amino acid uptake profiles [28]. Likewise, substantial 
alterations in cytoplasmic amino acid compositions of S. 
aureus in response to variation in temperature, pH and 
salinity were reported [3]. Different strains of S. aureus 
consumed different quantities of media metabolites [29] 
and S. aureus cultured with limited glucose also adjusted 
their consumptions of media metabolites including amino 
acids [30]. This was hypothesized as an acclimatization 
mechanism used by the bacteria to consume amino 
acids for energy and alternative resources to support 
growth based on nutrient accessibilities from the 
surrounding milieu [12,31]. To date, it has been 
established that the growth of S. aureus to subtle 
variations in environmental conditions including 
temperature, pH and NaCl led to substantial changes in 
metabolites, proteins and external morphological 
structures compared with those grown under ideal 
conditions [2,3,6,11,32]. It has also been shown that S. 
aureus taken up a significant amount of glycine when 
incubated in defined media supplemented with 5% NaCl 
compared to the cells grown in ideal conditions [2]. The 
current study investigated whether S. aureus could alter 
the amino acid consumption profiles from growth media 
in response to variations in environmental factors such 
as pH, temperature and NaCl when grown to mid-
exponential and stationary phases. It was assumed that 
S. aureus would necessitate a prompt acclimatization to 
variations in the temperature, pH and osmolality that 
need simultaneous quick adjustments in the demand of 
biosynthesis of metabolites and proteins crucial for 
bacterial survival and evolution. Therefore, to do so, the 
bacterium would adjust its amino acid uptake profiles to 
achieve the ideal metabolism obligatory for 
acclimatization and survival following exposure to 
variations in the environmental parameters. 
Methods 
Bacterial strain and Growth conditions  
The bacterial strain of S. aureus used in this study was 
isolated from a patient who had chronic muscle pain [33]. 
This strain used in the following studies to investigate 
metabolic and proteomic changes to environmental 
stresses [2,3,6]. The bacterium was maintained as 
culture stock on horse blood agar (HBA) and preserved 
appropriately on sterile glass beads at -80°C with a 
regular sub-culturing to maintain viability. The identity of 
the isolate was checked regularly using API™ Staph 
biochemistry and through PCR [34]. 
S. aureus was cultured in a sub-optimal of 
environmental conditions for analyses of amino acid 
consumption by S. aureus following growth in tryptic soy 
broth media (TSB) [3]. The reference control included 
cells grown under ideal conditions of pH7 at 37°C with 
no added NaCl in tryptic soy broth medium (TSB) and 
two sets of experimental conditions were applied with 1) 
pH6 at 35°C with 5% NaCl added in TSB; 2) 35°C and 
pH8 with 5% NaCl added in TSB. 
An overnight starter culture (50 ml) of S. aureus was 
grown for 16h in Tryptic Soy Broth (TSB) at 37°C in an 
orbital shaking incubator) to be used as an inoculum for 
the growth experiments. Replicates of each condition 
containing 95 ml TSB culture media were inoculated with 
5 ml of overnight culture in 500 ml conical flasks which 
were then grown until mid-exponential and stationary 
phases with constant agitation (120 rpm). 
Amino acid consumption and secretion analysis  
Five ml of tryptic soy broth media (TSB) prior and after 
the growth of S. aureus was collected at both mid-
exponential and stationary phases. The collected 
supernatants were filtered through a Millex® membrane 
filter (0.22 mµ) and stored at -20 °C for further analysis. 
100 µl of sterile TSB media and the filtered supernatants 
harvested at mid-exponential phase were diluted with 
300 µl of sterile Milli-Q water, and the 100 µl harvested 
at stationary phase was diluted with 100 µl with Milli-Q 
water. The dilution was done to avoid overwhelming the 
analytical capacity of the gas chromatography column. 
An aliquot of 100 µl of diluted supernatants was then 
processed and analysed using a commercial analytical 
kit (Phenomenex® EZ: faast™). The technique was 
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processed according to the manufacturer’s instructions. 
The derivatized amino acids were then analyzed using 
an Agilent gas chromatograph (Hewlett Packard HP 
6890 series) coupled with flame ionization detector (GC-
FID) which was calibrated to measure more than 40 
amino acid metabolites as previously described [10]. The 
injection volume was 2 μl with spitless mode and flow 
rate of the carrier gas (Helium) was 0.5 ml/min. Nor-
valine was used as an internal standard to calculate the 
concentrations of amino acids present in the sample as 
nmol/100 µl. The results were normalized by multiplied 
by dilution factors. 
Statistical analyses 
The consumption and secretion data produced by gas 
chromatography and flame ionization (GC‐FID) were 
assessed via ANOVA statistical analysis  to detect the 
consumption and secretion of amino acids that were 
significantly altered after the exposure to variations in 
temperature, pH and NaCl (Statistica, TIBCO Software 
Inc. [2017], data analysis software system, version 13. 
http://statistica.io). Principal component analyses (PCA) 
were also conduct for the same data to further have an 
insight on the impact of alterations in the environmental 
conditions on amino acid consumption and secretion. 
The PCA model complexity and validity were evaluated 
by cross validation as applied in the software. 
Results 
Amino acids consumption and secretion 
assessment at mid-exponential phase 
Cultures of S. aureus were grown to mid-exponential 
phase of growth under various combinations of sub-
optimal environmental parameters with temperature 
ranging from 35-37°C, pH 6-8 and higher NaCl (0-5%). 
The supernatants were harvested at mid-exponential 
phase to assess the consumption and secretion of amino 
acids. The amino acid consumption and secretion 
analyzed in each of the samples were reproducible within 
each experimental group with specific changes in the 
consumption and secretion of amino acids (Fig 1). The 
analysis of amino acid consumption in cells grown in 
ideal and non-ideal conditions revealed that leucine, 
lysine, Phenylalanine and serine were found to be the 
major amino acids consumed from the culture media. 
However, when bacteria were grown in altered 
environmental parameters, the consumption of leucine 
and lysine was greatly increased. Phenylalanine and 
serine did not change in treatment C, but significantly 
altered in experimental group B compared with controls. 
Various specific alterations in amino acid consumption 
and secretion associated with the different 
environmental conditions were apparent in Fig 1. When 
bacterial cells were exposed to altered environmental 
conditions, phenylalanine was the third most consumed 
amino acid after lysine and glutamic acid. Glutamine was 
significantly secreted in cells grown at lower temperature 
of 35 at pH8 with additional 5% NaCl. The total quantities 
of amino acids consumed was 1.2 and 1.7 times higher 
when bacterial cells were exposed to pH6 and 35 ◦C with 
additional of 5% NaCl in treatment B and pH 8 and 35 ◦C 
with 5% NaCl added in treatment C, respectively. 
Principal component analysis (PCA) indicated that 
major differences between the amino acid compositions 
of the culture supernatants from bacterial cells grown 
under normal conditions (A) and those grown at different 
treatment regimens (B and C) (Fig 2-A). The analysis of 
the PCA revealed that the cells exposed to pH 6 and 35 
°C with the additional of 5%NaCl (B) were the most 
separate treatment from the control (A) and other 
treatment group (C). It appeared that bacteria cells 
grown at lower  pH (6) and 35◦C with additional of 5% 
NaCl (B) had more separable amino acid consumption 
profiles compared with equivalent cells grown with more 
alkaline conditions (C).The loading scatterplot showed 
the consequence of the variables (amino acids) on PCA 
graph separation and clustering of the treatments (Fig 2-
B).  
Amino acids consumption and secretion 
assessment at stationary phase of growth  
Cultures of S. aureus exposed to the same 
environmental conditions A-C, were harvested at the 
stationary phase of growth to evaluate the impact on the 
total consumption and secretion of amino acids during 
culture growth. The total quantities of amino acids 
consumed was 2.6 and 3.1 times lower when bacterial 
cells were grown under more acidic (B) or alkali (C) 
conditions and lower temperature of 35C with 5% NaCl 
added, respectively. However, the total amounts of 
amino acids secreted was 8.1 and 39.3 times higher 
when S. aureus was grown in pH 6 or 8 at 35 ◦C with 5% 
NaCl added, respectively. Lysine, leucine, and serine 
continued to be the most consumed amino acids from 
the growth media when S. aureus grown to stationary 
phase in normal conditions (Fig 3). However, alanine, 
serine and glutamic acid became the major amino acids 
consumed in treatment B and C. The profile of amino 
acid consumption and secretion was differential between 
the experimental regimes with numerous substantial 
differences observed between utilization rates of the 
amino acids.  
Amino acids consumption and secretion data were 
applied to multivariate analysis using PCA. PCA plot 
showed significant differences between the amino acid 
compositions of the culture supernatants from the 
different experimental groups (Fig 4-A). The analysis 
revealed an obvious separation of reference control and 
treatment samples due to their amino acid consumption 
and secretion profiles analyzed at stationary phase of 
growth. It was also evident from PCA plot that cells gown 
with additional of 5% NaCl at 35 °C and pH 6 or 8 (B and 
C) had very different amino acid consumption and 
secretion profiles compared to equivalent cells grown at 
ideal conditions (A). The loading scatterplot resultant 
from PCA scores indicated the amino acid consumption 
and secretion that contributed to the importance of the 
clustering/separation observed on the PCA plot (Fig 4-
B). 
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Figure 1: Comparisons of the quantities of amino acids consumed or secreted by S. aureus at the mid-exponential phase of growth under ideal conditions (A) compared with growth under 
sub-optimal environmental conditions, pH6; 35 ◦C with the additional of 5% NaCl (B) and  pH8; 35 ◦C with of 5% NaCl added (C) (Mean± SD, P<0.05). Negative values indicate secreted amino 
acids. 
 
Figure 2: (A) Principal component analysis (PCA) scores (component 1 versus component 2) plotted for the S. aureus amino acid consumption and secretion data for the cells grown under 
ideal conditions (A) and those grown under sub-optimal conditions (B and C) evaluated at the mid-exponential phase of growth. (B) The loading scatterplot indicated the influence of variables 
in PCA plot. 
 
Figure 3: Comparisons of the quantities of amino acids consumed or secreted by S. aureus at the stationary phase of growth under ideal conditions (A) compared with growth under altered 
environmental conditions, (B) pH6; 35 oC and 5%NaCl and (C) pH8; 35oC and 5% NaCl.(mean± SD, P<0.05). Negative values indicate secreted amino acids 
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Figure 4: (A) Principal component analysis (PCA) scores (component 1 versus 
component 2) plotted from S. aureus amino acid consumption and secretion data for 
the cells grown under normal conditions (A) and those grown under sub-optimal 
conditions (B) pH6; 35oC and 5% NaCl and (C) pH8; 35oC and 5%NaCl evaluated at 
stationary phase.  (B) The loading scatterplot indicated the significance of amino acid 
variables on PCA plot. 
 
Comparison of mid-exponential vs. stationary 
phase amino acids consumption and secretion 
profiles 
The amino acid compositions of S. aureus culture 
supernatants from the cells grown under normal 
conditions (A) and those exposed to altered 
environmental conditions (B and C) were compared 
between the mid-exponential and stationary phases of 
growth using PCA. The PCA analysis rendered a two-
component model as validated by cross-validation (CV). 
The PCA scores for mid-exponential and stationary 
phases exhibited two obvious clusters significantly 
separated by component 1 scores where the amino acid 
consumption and secretion data harvested at the mid-
exponential phase had a negative component 1 score 
and those collected at  the stationary phase had positive 
component 1 scores (Fig 5-A). Explanation of 90% of the 
data was accomplished (i.e., R2 = 0.50 and Q2 = 0.28) 
and the eigenvalue for component 1 was 10.5 as 
compared to 5.3 for component 2. The loading 
scatterplot indicated the significance of key variables on 
the clustering and separation. The stationary phase was 
described via a greater consumption of amino acids from 
the medium by cells grown at normal conditions, 
whereas the mid-exponential phase control cells were 
characterized by consumed valine and tyrosine in high 
levels before secreting these amino acids back into the 
medium by the time of analysis at stationary phase. 
Discussion  
The outcomes from the present investigation revealed 
that the profiles of amino acid consumption and secretion  
 
 
Figure 5: PCA plotted from the three environmental treatment groups (A-C) were 
compared mid-exponential (E) and stationary (S) phases of growth based on the 
amino acid consumption and secretion data.  The cells were grown under the 
following conditions: 
(A) Control cultures were grown under ideal conditions at pH7 and 37°C with no 
added NaCl  
(B) Cultures were grown at pH6 and 35°C with 5 % NaCl 
(C) Cultures were grown at pH8 and 35°C with 5 % NaCl 
activities noted in S. aureus at the mid-exponential and 
stationary phases of growth were different from cells 
grown at ideal conditions and those grown under altered 
environmental conditions. It was obvious that the 
demands for amino acids adjusted following exposure to 
variations in the environmental factors involving pH, 
temperature and osmolality. Amino acids are important 
nutrients for cell structure and metabolic regulation as in 
addition to their use in protein synthesis [35-37]. The 
availability of free amino acids in the growth medium is 
important for optimal growth capacity under ideal and 
non-ideal environmental conditions [38].  
The growth of S. aureus in a combination of 
environmental conditions including variation in pH, 
temperature and NaCl caused substantial differences in 
the consumption of amino acids by bacterial cells 
harvested at mid-exponential phase. The consumption of 
amino acids at different rates possibly reflected 
difference metabolic demands. The exposure of S. 
aureus to the same environmental conditions led to 
different cytoplasmic amino acid compositions compared 
with reference controls [3]. This increase in the 
consumption of amino acids is concomitant with the 
increase of the cytoplasmic amino acids, indicating that 
the bacterium had to consume higher levels of amino 
acids to adapt to the changes in temperature, pH and 
osmolality [39-41]. 
The analysis of consumption and secretion patterns 
of amino acids by S. aureus at the stationary phase 
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following exposure to alterations in environmental 
conditions revealed extraordinary amino acid 
consumption and secretion profiles, suggesting that the 
bacterium adjusted its amino acid consumption to obtain 
optimal metabolism associated with the external 
environmental factors. The total amount of amino acids 
taken up at the stationary phase measurements were 
significantly reduced in treatment regimens compared 
with reference controls. Stationary phase is a complex 
environment including reduced amounts of nutrients, 
buildup of metabolic waste products and alterations in pH 
values [42,43]. The variation in the consumption of amino 
acids could suggest that alternative mechanisms were 
required by bacterial cells under each treatment 
regimens to obtain the optimum metabolic homeostasis 
essential for survival. Reduced amino acids consumption 
at stationary by bacterial cells exposed to sub-optimal 
environmental conditions may represent a reduced 
metabolic rates in the cytoplasm. This would represent 
an important way in adapting the cellular homeostasis 
under alterations in the environmental conditions [44,45]. 
 The significant secretion of amino acids by cells 
grown in sub-optimal conditions in current study may be 
associated with peptidoglycan synthesis and other 
components in the cell wall [46,47]. The secretion of 
amino acids into the external media could be a 
mechanism to facilitate the adaption processes to 
encounter the osmotic pressure implemented by the 
additional of 5 % NaCl to the growth media. Cultures of 
stationary phase secreted high levels of many amino 
acids including valine, lysine, ornithine, tyrosine and 
tryptophan. It has been reported that ornithine was 
significantly released by staphylococcal biofilm cultures 
into the external media [12]. In the same manner valine 
was released by S. aureus COL following incubation in 
eukaryotic cell media [29]. Many bacteria release D-
amino acids at a stationary phase into external media, 
which have a great impact on the cell wall structure [47]. 
Therefore, the secretion of these amino acids might be 
adaptive machinery for bacteria to the changing in 
environmental conditions [48].It has been shown that 
bacteria secreted small molecules in the stationary 
phase of growth [49,50]. These molecules have very 
important roles as signaling molecules for cell-cell 
communications or preventing the growth of other 
microorganisms sharing the same locations [51]. 
Therefore, the secretion of specific amino acids could be 
an indication of the initiation of biofilm formation at 
stationary phase [26,52]. In the stationary phase, 
remarkable changes occur involving structural, 
physiological alteration and DNA/protein ratio was 
reported to be greater [19,42].  
A significant synthesis of polysaccharide intercellular 
adhesin in biofilm cultures has been related with 
repressed tricarboxylic acid activity [53]. Hence, this may 
illustrates the substantial decrease in amino acid 
consumption in the stationary phase, as it possibly links 
with alterations in morphological structures such as cell 
size, phenotypic shift and biofilm development [9,10]. It 
has been shown that SVCs have a reduced metabolic 
activity with a decrease of toxins productions. The 
activity of tricarboxylic acid cycle (TCA) was highly 
associated with polysaccharide intercellular adhesin 
(PIA) production biofilm [35,53-55], it showed that active 
TCA led to repression of PIA production and hence 
reduced the synthesis of virulence factors [56]. 
Therefore, it has been suggested that the uptake of 
amino acids would be critical for TCA activation and 
therefore, pathogenicity. Metabolomic studies have 
demonstrated that amino acid catabolism is important for 
the synthesis of intermediates oxaloacetate, 
oxoglutarate, phosphenpyuvate and pyruvate for TCA 
and gluconeogenesis [53,57,58] . On the basis of these 
results, it has been suggested that the bacterium 
regularly detecting and adapting to the changes in the 
external environmental conditions by inducing the best 
operative and competent phenotypes for survival in 
stressed environments [9,10,59,60]. It is still remain 
unclear why some amino acids would be initially 
consumed during growth to the mid-exponential phase 
and then secreted at high amounts by stationary phase. 
The concentrations of these amino acids in the external 
growth media at stationary phase indicated that 
significant amounts of these amino acids were produced 
de novo. 
The study of amino acid consumption and secretion 
by S. aureus under sub-optimal conditions would be very 
essential to control bacterial adaptation and survival in 
response to subtle alterations in the environmental 
parameters. The data of this investigation revealed that 
S. aureus induced a remarkable modification in amino 
acid consumption and secretion patterns following the 
exposure to changes in the environmental conditions. In 
addition, specific alterations in amino acid consumption 
and secretion would indeed form the basis for 
acclimation that could induce evolutionary survival and 
optimal adaption of this bacterium. It is clear that certain 
strategies were initiated to adapt during the growth in 
non-ideal environmental condition to acquire optimal 
metabolism status by extracting specific quantities of 
amino acids from growth media. It was thus concluded 
that these alterations in the amino acid consumption and 
secretion patterns are vital for the adaptation processes 
following exposure to undesirable conditions.  
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